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Romero SA, Moralez G, Rickards CA, Ryan KL, Convertino
VA, Fogt DL, Cooke WH. Control of cerebral blood velocity with
furosemide-induced hypovolemia and upright tilt. J Appl Physiol
110: 492– 498, 2011. First published November 25, 2010;
doi:10.1152/japplphysiol.01060.2010.—The purpose of this study
was to test the hypothesis that exacerbated reductions of cerebral
blood velocity (CBV) during upright tilt with dehydration are asso-
ciated with impaired cerebrovascular control. Nine healthy men were
tilted head-up (HUT) to 70° for 10 min on two occasions separated by
7 days under euhydration (EUH) and dehydration (DEH; 40 mg of
furosemide and water restriction) conditions. Beat-by-beat arterial
pressures and CBV were measured during a 5-min supine baseline and
during the first (T1) and last (T2) 5 min of HUT. Cerebral autoregu-
lation and arterial baroreflex sensitivity were assessed in the fre-
quency domain with cross-spectral techniques. DEH reduced plasma
volume by 10% (P � 0.008) and supine mean CBV (CBVmean) by
11% (P � 0.002). Mean arterial pressure (MAP), stroke volume, and
baroreflex sensitivity decreased during HUT (P � 0.002), but absolute
reductions were similar between hydration conditions, with the ex-
ception of stroke volume, which was lower at T1 during DEH than
EUH (P � 0.04). CBVmean during DEH was lower (7 cm/s) over the
course of the entire 10 min of HUT (P � 0.004) than during EUH.
Low-frequency oscillations (0.07-0.2 Hz) of MAP and CBVmean and
MAP-CBVmean coherence were higher during DEH than EUH at T1
(P � 0.02), but not at T2. Our results suggest that increased coherence
between arterial pressure and CBV with the combination of DEH and
HUT are indicative of altered cerebrovascular control. Increased CBV
oscillations with DEH may reflect acute protective mechanisms to
ensure adequate cerebral perfusion under conditions of reduced cen-
tral blood volume.

orthostatic intolerance; hypovolemia; cerebral hemodynamics

ASSUMPTION OF UPRIGHT POSTURE displaces blood from the upper
to the lower body, decreases venous return acutely, and acti-
vates autonomic responses that defend against abrupt hypoten-
sion. Maintenance of upright posture depends critically on the
continuous support of adequate venous return, arterial pressure,
and, most importantly, cerebral perfusion and oxygenation (21).

Orthostatic intolerance has been associated with reductions
of total body water (4, 12), but the influence of dehydration on
cerebral blood flow during orthostasis has not been studied
thoroughly. Utilizing transcranial Doppler ultrasound record-
ings from middle cerebral arteries in humans, Carter et al. (3)
showed that cerebral blood velocity (CBV) decreases to a
greater extent in dehydrated than euhydrated subjects during
standing. Reductions of CBV with dehydration were not asso-

ciated with greater reductions of arterial pressure, suggesting
that dehydration may present unique challenges to the cerebral
circulation during orthostasis (3).

The cerebrovasculature regulates blood flow by altering
vessel caliber through autonomic (37) and myogenic and met-
abolic (1, 8, 25) mechanisms. Water drinking improves toler-
ance to central blood volume reductions in conjunction with
increased cerebrovascular control, as assessed from estimates
of cerebral blood pressure and flow (32), but the influence of
dehydration on cerebrovascular control during orthostatic
stress has not been described. The purpose of this study was to
test the hypothesis that dehydration compromises the control of
CBV, accounting for greater reductions of CBV during upright
tilt than in the euhydrated condition.

METHODS

Subjects. Men were invited to participate in this study, which was
approved by the Institutional Review Board for the Protection of
Human Subjects in Research of the University of Texas at San
Antonio. Written informed consent was obtained from all subjects
subsequent to a verbal and written briefing of all experimental pro-
cedures. Participants were deemed healthy to participate through a
standard health questionnaire [physical activity readiness question-
naire (PAR-Q)]. Because of the possible influence on blood pressure
and cardiovascular and cerebrovascular control mechanisms, subjects
abstained from caffeine, exercise, and alcohol for 24 h before the
experiment. Additionally, subjects reported for experimentation after
a 12-h fast. Subjects were not tobacco users. On the basis of changes
in CBV expected during head-up tilt (HUT), using a Student’s
t-test-based power calculation, we estimated that a sample size of
8–10 subjects would be adequate to test our hypothesis (� � 0.05 and
� � 0.8). A total of nine subjects participated [23 � 0.5 (SE) yr old,
172 � 2 cm stature, 87 � 3 kg body wt].

Experimental protocol. Each subject was required to attend two
separate experimental sessions. Each session was separated by 7 days
and occurred on the same weekday and time as the previous session.
Both experimental sessions included each of the following: 1) hydra-
tion assessment, 2) hydration protocol to maintain total body water
[euhydration (EUH)] or reduce total body water [dehydration (DEH)],
and 3) HUT protocol. The order of condition assignment (EUH or
DEH) was randomized and counterbalanced.

Hydration assessment. Subjects reported to the laboratory at 8 AM
for determination of initial hydration status. The hydration assessment
consisted of the following procedures: 1) body mass measurement,
2) urine specific gravity assessment, and 3) blood analysis for calcu-
lated estimates of relative changes (%�) in plasma volume (PV) and
blood volume (BV). Body mass was measured using a calibrated
weight scale (Body Composition Analyzer BF-350, Tanita, Tokyo,
Japan). EUH in all subjects was confirmed before each protocol by
assessment of urine specific gravity. Subjects provided a urine sample
(�100 ml), and EUH was presumed when the specific gravity was
�1.02 g/ml (31). For assessment of PV and BV, a sample of whole
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blood was taken via finger lancet on the lateral side of the middle
finger or through venipuncture of an antecubital vein. The blood
sample was immediately transferred to a heparinized microcapillary
tube; within 5 min of collection, it was centrifuged for 60 s at �6,000
rpm at room temperature (�21°C) and then analyzed for hematocrit
(HemataSTAT-II). The remaining sample of whole blood was col-
lected into a microcuvette (HemoCue, Ängelholm, Sweden) and,
within 5 min of collection, placed in an automated Hb analyzer (Hb
201�, HemoCue) and analyzed for Hb concentration at room
temperature. Relative changes (%) in PV and BV were estimated
using alterations in hematocrit and Hb, as outlined by Dill and
Costill (11).

Hydration protocol. After the hydration assessment, one of two
hydration protocols (EUH or DEH) was assigned and initiated at 9
AM. DEH was induced with complete fluid restriction (for 7 h) and
oral ingestion of the diuretic furosemide (40 mg). For the EUH
protocol, subjects were required to drink water equating to 0.02 l/kg
body mass during the 7-h protocol to maintain EUH (31). A standard-
ized breakfast and lunch were provided during DEH and EUH
conditions, except fluid intake was restricted under DEH. Subjects
maintained their normal activity patterns during the 7-h EUH and
DEH protocols and did not perform any additional exercise. After
each 7-h hydration protocol, subjects returned to the laboratory for a
posthydration protocol assessment before the HUT test.

HUT protocol. Subjects returned to the laboratory at 4 PM for the
HUT protocol. Immediately after each posthydration protocol assess-
ment, subjects were instrumented with a standard three-lead ECG
(Harvard Apparatus, Holliston, MA) and a finger photoplethysmo-
graph (Finometer, Finapres Medical Systems, Amsterdam, The Neth-
erlands) for estimates of beat-by-beat arterial pressures. CBV was
measured through the temporal window in the middle cerebral artery
with a transcranial Doppler ultrasound device (MultiDop T, DWL
Electronics, Sipplingen, Germany). Breath-by-breath end-tidal CO2

was monitored using a facemask covering the nose and mouth and
attached to a sampling line leading to an infrared CO2 analyzer
(Gambro, Enström, Sweden).

After instrumentation, subjects rested quietly for 10 min in the
supine position and were then tilted head-up to 70° for 10 min on a
motorized tilt table. Subjects were then returned to the supine position
for a 5-min recovery period. To effectively remove contributions to
low-frequency (LF) oscillations elicited by respiration (6), subjects
controlled their breathing strictly by breathing in time to a metronome
set at a pace of 15 breaths/min (0.25 Hz).

Data and statistical analysis. Data were collected at 500 Hz by
computer acquisition software (DATAQ, Windaq Systems) and sub-
sequently imported and analyzed with computerized analysis software
(WinCPRS, Absolute Aliens, Turku, Finland). After R wave detection
from the ECG, systolic and diastolic pressures and CBVs were
identified. Cerebrovascular resistance was calculated by dividing

mean arterial pressure (MAP) by mean CBV (CBVmean). Beat-by-beat
stroke volume was estimated using a modified pulse contour method
(18). Data were averaged during the last 5 min of the supine period
(baseline) and during the first (T1) and last (T2) 5 min of HUT.

CBVs and MAP were analyzed in the frequency domain by first
resampling data at 4 Hz and interpolating nonequidistant data. Next,
data were passed through a low-pass impulse response filter using a
frequency cutoff of 0.4 Hz, and signal variances were expressed as a
function of frequency with a Fourier transform (5). Arterial baroreflex
sensitivity was calculated from cross-spectral analysis of the coher-
ence and transfer function of systolic arterial pressure and R-R
interval within the LF range of 0.04–0.15 Hz (9). The coherence
between blood pressure and cerebral perfusion was calculated using
cross-spectral analysis of MAP and CBVmean within the LF range of
0.07–0.20 Hz (36). Transfer function calculations were not per-
formed, as most coherence values were �0.5 at baseline.

Pre- and posthydration body mass, PV, and BV changes were
analyzed using a Student’s t-test. Mean differences between the
dependent variables of interest were compared using a 2 	 3 repeated-
measures analysis of variance on hydration status (EUH vs. DEH) and
position (supine vs. HUT T1 and HUT T2). Interactions were probed
with Tukey’s post hoc procedure. All statistical analyses were
conducted using commercially available software (SigmaPlot, Sys-
tat Software). The probabilities of observing chance effects due to
our experimental manipulations are presented as exact probability
values (23).

RESULTS

Hydration results. Body mass was reduced with DEH from
86.9 � 3 to 84.9 � 3 kg (P � 0.001). BV and PV were reduced
by 6% and 10% with the DEH protocol (P � 0.008, n � 8).
One subject’s data were discarded from the PV and BV
analysis because of unreliable measurements resulting from
technical complications. One subject developed nausea after
�7.5 min during HUT with DEH and was returned to the
supine position. For this reason, comparisons are made with
eight subjects during DEH T2.

Responses during baseline and upright tilt. Hemodynamic
responses to DEH and HUT are shown in Table 1. DEH
reduced systolic and pulse pressures, as well as stroke volume,
during the baseline, supine condition. Systolic pressure, pulse
pressure, and stroke volume fell during HUT T1 under both
conditions but were significantly lower (P � 0.05) in the DEH
condition, eliciting a greater increase in heart rate. These
responses persisted at T2, except for stroke volume, which
remained 18% lower in the DEH condition but was statistically

Table 1. Hemodynamic responses to dehydration and upright tilt

Variable

Baseline T1 T2

EUH (n � 9) DEH (n � 9) EUH (n � 9) DEH (n � 9) EUH (n � 9) DEH (n � 8)

RRI, ms 985 � 34 961 � 47 762 � 26* 692 � 18*† 743 � 22* 693 � 20*†
HR, beats/min 62 � 2 64 � 3 80 � 3* 88 � 2*† 80 � 3* 89 � 3*†
SAP, mmHg 130 � 3 121 � 2† 119 � 4* 109 � 4*† 117 � 5* 108 � 3*†
DAP, mmHg 78 � 3 76 � 3 77 � 3 75 � 3 75 � 3 73 � 3
MAP, mmHg 97 � 3 93 � 2 92 � 3* 87 � 3* 91 � 4* 87 � 3*
PP, mmHg 52 � 2 45 � 2† 45 � 2* 34 � 2*† 42 � 3* 34 � 2*†
SV, ml 84 � 3 72 � 4† 55 � 4* 45 � 3*† 56 � 4* 48 � 4*
CVR, mmHg �cm
1 � s 1.7 � 0.03 1.7 � 0.03 1.8 � 0.03* 2.0 � 0.03*† 1.8 � 0.03* 1.9 � 0.03*
End-tidal CO2, % 4.4 � 0.1 4.1 � 0.1 3.5 � 0.1* 3.3 � 0.1* 3.6 � 0.1* 3.5 � 0.1*

Values are means � SE. EUH, euhydration; DEH, dehydration; T1, first 5 min of head-up tilt; T2, last 5 min of head-up tilt; RRI, R-R interval; HR, heart
rate; SAP, DAP, MAP, and PP, systolic, diastolic, mean, and pulse arterial pressures; SV, stroke volume; CVR, estimated cerebral vascular resistance calculated
as the ratio of MAP to mean cerebral blood velocity. *P � 0.05 vs. baseline within condition. †P � 0.05 vs. EUH.
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indistinguishable from EUH (P � 0.11). Cerebrovascular re-
sistance was similar between hydration conditions during base-
line but was elevated at T1 during DEH (P � 0.02) compared
with EUH. End-tidal CO2 decreased for both hydration condi-
tions during HUT (P � 0.001) but was similar between DEH
and EUH at all time points.

Responses of CBV to DEH are shown for one representative
subject in Fig. 1. Responses of CBV (systolic, diastolic, and
mean) to DEH are shown for the entire subject cohort in Fig. 2.
The HUT protocol reduced CBV under both hydration condi-
tions, but DEH reduced CBV at baseline compared with EUH,
and these reductions were maintained throughout the HUT
protocol (P � 0.02). After normalization for changes observed
at baseline following DEH, percent reductions of CBV with
HUT (�15%) were consistent and not statistically distinguish-
able between DEH and EUH (P � 0.5). One subject experi-
enced presyncopal symptoms during HUT with DEH, but no
subjects experienced presyncopal symptoms during HUT with
EUH.

Arterial baroreflex sensitivity and cerebrovascular control.
The coherence between systolic arterial pressure and R-R
interval was maintained at all times above 0.5 for all
subjects [indicative of a strong relationship between the two
variables (10)]. Arterial baroreflex sensitivity as expressed
by the transfer function gain was not different between
conditions at baseline (10.9 � 0.5 and 8.6 � 0.5 ms/mmHg
for EUH and DEH, P � 0.16) and decreased for both
conditions with HUT (6.5 � 0.4 and 5.4 � 0.5 ms/mmHg
for EUH and DEH, P � 0.04). These reductions of barore-
flex sensitivity with HUT were not dependent on hydration
condition (interaction P � 0.3).

Time series and cross-spectral data for MAP and CBVmean

are shown for one subject who did not develop symptoms of
presyncope (asymptomatic) under the EUH or DEH condition
during HUT and for the subject who reported nausea (symp-
tomatic) during the DEH condition only (Fig. 3). MAP and
CBVmean were consistently lower for the asymptomatic subject
during DEH than EUH: MAP averaged 128 mmHg during
EUH and 92 mmHg during DEH, and CBVmean averaged 53
cm/s during EUH and 40 cm/s during DEH. LF oscillations of

MAP and CBVmean were also higher during DEH: LF MAP
averaged 4.7 mmHg2 during EUH and 15.3 mmHg2 during
DEH, and LF CBVmean averaged 1.4 cm/s2 during EUH and
4.2 cm/s2 during DEH. Coherence was substantially higher for
this subject during DEH (0.87) than EUH (0.31). MAP was
similar for the symptomatic subject during EUH and DEH
(93 � 3 and 93 � 5 mmHg), but CBVmean was lower during
DEH (46 � 7 vs. 61 cm/s). Consistent with the asymptomatic
subject, LF MAP averaged 1.5 mmHg2 during EUH and 8.3
mmHg2 during DEH; LF CBVmean was 1.1 cm/s2 during EUH
and increased to 4.6 cm/s2 during DEH, but coherence values
were identical between hydration conditions (0.58 during EUH
and 0.57 during DEH).

LF MAP and CBV oscillations derived from a Fourier
transform and cross-spectral coherence analysis between MAP
and CBV are shown in Fig. 4. LF MAP and LF CBVmean

oscillations were not different between conditions at baseline
but increased significantly with upright tilt (P � 0.001) and
were significantly higher for DEH T1 than EUH T1 (P � 0.03
for LF MAP and P � 0.04 for LF CBVmean). LF oscillations of
MAP and CBVmean were higher than baseline at T2 (P � 0.05)
but not different between hydration conditions. The coherence
between MAP and CBVmean during baseline was similar be-
tween EUH and DEH. Coherence increased during upright tilt
and was greater at T1 for DEH than EUH (P � 0.01) but was
similar at T2 between hydration conditions. We did not calcu-

Fig. 1. Mean cerebral blood velocity (CBVmean) for 1 subject during head-up
tilt (HUT) under euhydrated (EUH) and dehydrated (DEH) conditions.

Fig. 2. Cerebral blood velocity (CBV) for all subjects (n � 9) during the last
5 min of baseline, the first 5 min of HUT (T1), and the last 5 min of HUT (T2).
*P � 0.05 vs. baseline within condition. †P � 0.05, EUH vs. DEH.
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late transfer function gain between MAP and CBVmean because
of the low coherence between these variables at baseline.

DISCUSSION

In this study, we document the effects of furosemide-in-
duced hypovolemia on cardiovascular and cerebrovascular
control during upright tilt. The primary novel finding of our
study is that exacerbated reductions of CBV during HUT
following DEH are associated with alterations in cerebrovas-
cular control, as manifested by increased LF oscillations and
coherence between arterial pressure and CBV during the first 5

min of HUT. Increased LF oscillations of CBV and MAP may
represent a transient protective mechanism in response to the
greater reduction in central volume (i.e., stroke volume) and
CBV during DEH and orthostasis.

DEH-induced hypovolemia and responses to upright tilt.
Using complete fluid restriction and furosemide ingestion, we
induced a 2% reduction in body mass, a 6% reduction in BV,
and a 10% reduction in PV. Studies documenting the influence
of dehydration on orthostatic tolerance have reported similar
reductions in body mass, BV, and PV (3, 19). Reductions of
total body water challenge compensatory mechanisms that

Fig. 3. Mean arterial pressure (MAP),
CBVmean, and coherence between MAP and
CBVmean for 1 subject who did not develop
symptoms of presyncope during the first 5
min of HUT (asymptomatic) and the 1 sub-
ject who complained of nausea during HUT
(data for this subject are taken from the last
available 5 min of HUT). Horizontal dashed
line in the coherence panel indicates criterion
values to indicate significant associations be-
tween the variables across the frequency
range of interest (0.07–0.2 Hz).
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defend against severe reductions of blood pressure and cerebral
perfusion during postural changes (3, 4, 7). In the current
study, upright tilt decreased stroke volume to a greater extent
with DEH during the first 5 min of HUT. Upright tilt decreased
MAP, but reductions were similar, regardless of hydration
condition. CBV was reduced with DEH at baseline and re-
mained significantly lower throughout the HUT protocol than
during EUH (despite similar end-tidal CO2), suggesting that
DEH poses unique challenges to the cerebral circulation that
are not linked to downstream changes in absolute arterial
pressure. Others have reported similar results and have attrib-
uted reductions of CBV during standing with DEH to increased
cerebrovascular resistance (3). We also report increased cere-
brovascular resistance during tilt with DEH, but such increases
were statistically different from the EUH condition only during
the first 5 min of HUT (Table 1) and, therefore, cannot account
for the consistently lower CBV measured during T2 (Fig. 2).

Arterial baroreflex sensitivity and cerebrovascular control.
It is intuitive that maintenance of stable hemodynamics during
orthostasis depends on mechanisms that control dynamic
changes of arterial pressure and cerebral blood flow. The
sensitivity of the arterial baroreflex is reduced during tilt (34),
and it has been proposed that hemodynamic collapse leading to
syncope is associated with reduced cerebral autoregulatory
capacity (15). Recent evidence, however, suggests that barore-

flex sensitivity and cerebral autoregulatory capacity are, in fact,
related inversely in healthy humans (35). Tzeng et al. (35)
propose that the two regulatory processes interact to buffer and
augment cerebral blood flow to optimize cerebral perfusion
with changes in arterial pressure oscillations. For example,
higher arterial pressure oscillations are associated with a re-
duction in baroreflex sensitivity but an increase in cerebral
autoregulatory capacity to protect cerebral perfusion (35). We
reasoned that if DEH reduced baroreflex sensitivity during
HUT, concurrent, compensatory improvements in cerebral reg-
ulation would manifest to protect against the subsequent in-
crease in arterial pressure oscillations (35). Although HUT
reduced arterial baroreflex sensitivity by �40%, this reduction
was not exacerbated with DEH and was not related to the
greater increase in arterial pressure oscillations or increase in
arterial pressure-CBV coherence with DEH.

Direct associations between orthostatic intolerance and the
concept of reduced cerebral autoregulatory capacity have not
been observed consistently, but the hypothesis that reduced
cerebral autoregulatory capacity precedes presyncope, or even
frank syncope, has been advanced (14–16). The relationship
between DEH and cerebral blood flow is even less clear.
Ogawa et al. (24) induced moderate reductions of PV (�10%)
with furosemide and documented unchanged arterial pressure
and CBV. After PV reduction, coherence between CBVmean

and MAP was not altered, but transfer function gain was
decreased, interpreted by the authors as an improved autoreg-
ulatory capacity (24). In the current study, we confirm that PV
reduction with furosemide does not alter coherence between
arterial pressure and CBV, and we extend these observations to
demonstrate increases in coherence in the EUH and DEH states
during HUT, with significantly higher coherence values during
DEH.

To our knowledge, ours is the first study to assess the
influence of DEH on dynamic cerebrovascular control during
upright tilt. The coherence between MAP and CBVmean was
higher at T1 during DEH than EUH and remained elevated
above baseline at T2 (Fig. 4). However, the initial changes of
cerebral regulatory capacity at T1 during DEH stabilized at T2,
while coherence continued to increase during EUH. Similar
coherence between DEH and EUH at T2 indicates that chal-
lenges to the cerebral circulation during this time period reflect
the orthostatic stress specifically, rather than the combined
influence of HUT and DEH.

Increased coherence signifies an increased linear relation-
ship between changes in MAP and CBVmean; this has been
interpreted as representing a weakening of the cerebral auto-
regulatory capacity (13, 36, 38). However, the lack of causal
relationship between increased coherence and orthostatic
symptoms at T1 is highlighted by the data presented in Fig. 3.
For the asymptomatic subject, coherence between MAP and
CBVmean during DEH approached 0.9, representing almost
complete concordance between MAP and CBV. Although
MAP and CBVmean were substantially lower for this subject
during DEH, LF oscillations of pressure and flow velocity were
substantially higher than during EUH. In contrast, oscillations
of MAP also increased during DEH for the symptomatic
subject, but these increased oscillations apparently did not
transfer to the cerebrovasculature, as coherence was identical
for the symptomatic subject during EUH and DEH. It should
be noted that presyncope for this susceptible subject mani-

Fig. 4. Low-frequency (LF, 0.07–0.20 Hz) oscillations of MAP (LF MAP) and
CBVmean (LF CBVmean) and cross-spectral coherence between MAP and
CBVmean (coherence) for all subjects (n � 9) during the last 5 min of baseline,
the first 5 min of HUT (T1), and the last 5 min of HUT (T2). *P � 0.05 vs.
baseline within condition. †P � 0.05, EUH vs. DEH.
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fested as nausea and was associated with greater reductions in
CBV during HUT. These data demonstrate that there is not a
definitive association between increased coherence and symp-
tomology (reflecting reduced cerebral perfusion). Our findings
of increased oscillations and coherence for the entire subject
cohort (Fig. 4) suggest that lower CBV with HUT during DEH
than EUH is associated with alterations in cerebral regulatory
responses that may not reflect a “weakening” of cerebral
autoregulatory capacity. Indeed, with the exception of one
subject, HUT during DEH was tolerated well by our subjects,
suggesting that, regardless of hydration status, CBV was suf-
ficient to prevent the onset of presyncopal symptoms. In-
creased oscillations of CBV have been associated with im-
proved tolerance to central hypovolemia and, as such, may
represent a normal compensatory protective mechanism to
ensure adequate cerebral perfusion and the lessening of ortho-
static symptoms (27–29). Rather than an impairment of tradi-
tionally interpreted cerebral autoregulation, the increase in
coherence may therefore reflect simultaneous increases in
MAP and CBV oscillations that are elicited to preserve cere-
bral perfusion under the combined stressors of orthostasis and
dehydration.

It should be appreciated that functioning cerebral autoregu-
lation does not necessarily imply unchanging flow. For exam-
ple, Heistad and Kontos (17) suggested implicitly that cerebral
autoregulation reflects the dynamic relationship between
changes in flow and changes in pressure, rather than the
observation of “unchanged” flow over a wide range of pres-
sures, as originally outlined by Lassen (20). Recently, using
infusions of nitroprusside and phenylephrine, Lucas et al. (22)
demonstrated that cerebral blood flow is a linear function of
blood pressure in normal, healthy subjects, supporting the
concept that lack of a stable plateau region for CBV within the
arterial pressure range thought to encompass cerebral autoreg-
ulatory capacity [�60 to 150 mmHg (20)] is not an abnormal
response. Our results expand on this concept, suggesting that
the transfer of arterial pressure oscillations to the cerebrovas-
culature might actually be a compensatory mechanism that
allows the maintenance of cerebral perfusion in the face of
hypovolemic challenge. The interpretation of an increase in
coherence between arterial pressure and CBV as “ineffective”
or “reduced” cerebral autoregulation should therefore be re-
considered, as an increase in coherence may in fact be bene-
ficial, rather than detrimental, in terms of cerebral function
under these conditions.

Study limitations. Measurements of CBV may not represent
cerebral blood flow. The use of transcranial Doppler to assess
cerebral blood flow assumes that the insonated vessel diameter
remains constant. In defense of this concept, simultaneous
measurement of CBV (via transcranial Doppler) and vessel
diameter (via magnetic resonance imaging) during orthostatic
stress indicates that the diameter of the middle cerebral artery
is unaltered (33). However, because estimates of cerebrovas-
cular resistance increased with DEH, we cannot discount the
possibility that DEH and/or HUT increased sympathetic out-
flow to the cerebrovasculature, resulting in cerebral vasocon-
striction (21). Alternatively, direct influences of furosemide on
vascular smooth muscle might produce constriction and, there-
fore, account for the increases we observed in cerebrovascular
resistance. However, Pickkers et al. (26) showed that furo-
semide has no direct effect on the caliber of arterial vascular

smooth muscle in human forearm vessels. While topical appli-
cation of furosemide (30 mM) increases cortical blood flow in
the rat (30), its specific effect on the vasoactivity of the middle
cerebral artery in humans or animals in vivo has not been
documented. It is also possible that furosemide induced
changes in plasma osmolality, as well as renal blood flow (2),
but the extent to which such influences might impact cerebro-
vascular control has not been determined.

Conclusions. DEH represents a unique challenge for cere-
bral regulation and subsequent maintenance of orthostatic sta-
bility. Our results support the concept that DEH alters cere-
brovascular control mechanisms in association with lower
CBV during the initial assumption of HUT. Increased oscilla-
tions between arterial pressure and CBV with the combination
of DEH and HUT may reflect acute protective mechanisms to
ensure adequate cerebral perfusion under conditions of reduced
central blood volume.

ACKNOWLEDGMENTS

We thank the research subjects for volunteering and Eren Sanborn for
assistance with data collection. We also thank Dr. John McManus for screen-
ing subjects and prescribing furosemide.

GRANTS

This study was funded by a Student Research Development Grant from the
Texas Chapter of the American College of Sports Medicine (to S. A. Romero).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

REFERENCES

1. Aaslid R, Lindegaard KF, Sorteberg W, Nornes H. Cerebral autoreg-
ulation dynamics in humans. Stroke 20: 45–52, 1989.

2. Birtch AG, Zakheim RM, Jones LF, Barger AC. Redistribution of renal
blood flow produced by furosemide and ethacrynic acid. Circ Res 21:
869–878, 1967.

3. Carter R, Cheuvront SN, Verniew CR, Sawka MN. Hypohydration and
prior heat stress exacerbates decreases in cerebral blood flow velocity
during standing. J Appl Physiol 101: 1744–1750, 2006.

4. Charkoudian N, Halliwill JR, Morgan BJ, Eisenach JH, Joyner MJ.
Influences of hydration on post-exercise cardiovascular control in humans.
J Physiol 552: 635–644, 2003.

5. Cooke WH, Pellegrini GL, Kovalenko OA. Dynamic cerebral autoreg-
ulation is preserved during acute head-down tilt. J Appl Physiol 95:
1439–1445, 2003.

6. Cooke WH, Cox JF, Diedrich A, Taylor JA, Beightol LA, Ames JE
4th, Hoag JB, Seidel H, Eckberg DL. Controlled breathing protocols
probe human autonomic cardiovascular rhythms. Am J Physiol Heart Circ
Physiol 274: H709–H718, 1998.

7. Cox JR, Admani AK, Agarwal ML, Abel P. Postural hypotension: body
fluid compartments and electrolytes. Age Ageing 2: 112–120, 1973.

8. Daffertshofer M, Hennerici M. Cerebrovascular regulation and vasoneu-
ronal coupling. J Clin Ultrasound 23: 125–138, 1995.

9. de Boer RW, Karemaker JM, Strackee J. Hemodynamic fluctuations
and baroreflex sensitivity in humans: a beat-to-beat model. Am J Physiol
Heart Circ Physiol 253: H680–H689, 1987.

10. de Boer RW, Karemaker JM, Strackee J. Relationships between short-
term blood-pressure fluctuations and heart-rate variability in resting sub-
jects. 1. A spectral analysis approach. Med Biol Eng Comput 23: 352–358,
1985.

11. Dill DB, Costill DL. Calculation of percentage changes in volumes of
blood, plasma, and red cells in dehydration. J Appl Physiol 37: 247–248,
1974.

12. Frey MA, Lathers C, Davis J, Fortney S, Charles JB. Cardiovascular
responses to standing: effect of hydration. J Clin Pharmacol 34: 387–393,
1994.

13. Giller CA. The frequency-dependent behavior of cerebral autoregulation.
Neurosurgery 27: 362–368, 1990.

497DEHYDRATION AND CEREBROVASCULAR CONTROL

J Appl Physiol • VOL 110 • FEBRUARY 2011 • www.jap.org



14. Glaister DH, Miller NL. Cerebral tissue oxygen status and psychomotor
performance during lower body negative pressure (LBNP). Aviat Space
Environ Med 61: 99–105, 1990.

15. Grubb BP, Gerard G, Roush K, Temesy-Armos P, Montford P, Elliot
L, Hahn H, Brewster P. Cerebral vasoconstriction during head-upright
tilt-induced vasovagal syncope: a paradoxic and unexpected response.
Circulation 84: 1157–1164, 1991.

16. Grubb BP, Samoil D, Kosinski D, Wolfe D, Brewster P, Elliott L,
Hahn H. Cerebral syncope: loss of consciousness associated with cerebral
vasoconstriction in the absence of systemic hypotension. Pacing Clin
Electrophysiol 21: 652–658, 1998.

17. Heistad DD, Kontos HA. Cerebral circulation. In: Handbook of Physi-
ology. The Cardiovascular System. Peripheral Circulation and Organ
Blood Flow. Bethesda, MD: Am. Physiol. Soc., 1983, sect. 2, vol. III, pt.
1, chapt. 5, p. 137–182.

18. Jansen JR, Wesseling KH, Settles JJ, Schreuder JJ. Continuous cardiac
output monitoring by pulse contour during cardiac surgery. Eur Heart J 11
Suppl I: 26–32, 1990.

19. Kimmerly DS, Shoemaker JK. Hypovolemia and neurovascular control
during orthostatic stress. Am J Physiol Heart Circ Physiol 282: H645–
H655, 2002.

20. Lassen NA. Cerebral blood flow and oxygen consumption in man. Physiol
Rev 39: 183–238, 1959.

21. Levine BD, Giller CA, Lane LD, Buckey JC, Blomqvist CG. Cerebral
versus systemic hemodynamics during graded orthostatic stress in hu-
mans. Circulation 90: 298–306, 1994.

22. Lucas LJE, Tzeng YC, Galvin SD, Thomas KN, Ohoh S, Ainslie PN.
Influence of changes in blood pressure on cerebral perfusion and oxygen-
ation. Hypertension 55: 698–705, 2010.

23. Ludwig DA. Use and misuse of p-values in designed and observational
studies: guide for researchers and reviewers. Aviat Space Environ Med 76:
675–680, 2005.

24. Ogawa Y, Iwasaki K, Aoki K, Saitoh T, Kato J, Ogawa S. Dynamic
cerebral autoregulation after mild dehydration to simulate microgravity
effects. Aviat Space Environ Med 80: 443–447, 2009.

25. Paulson OB, Strandgaard S, Edvinsson L. Cerebral autoregulation.
Cerebrovasc Brain Metab Rev 2: 161–192, 1990.

26. Pickkers P, Dormans TPJ, Russel JGM, Hughes AD, Thien T,
Schaper N, Smits P. Direct vascular effects of furosemide in humans.
Circulation 96: 1847–1852, 1997.

27. Rickards CA, Cohen KD, Bergeron LL, Burton L, Khatri PJ, Lee CT,
Ryan KL, Cooke WH, Doerr DF, Lurie KG, Convertino VA. Inspira-
tory resistance, cerebral blood flow velocity and symptoms of acute
hypotension. Aviat Space Environ Med 79: 557–564, 2008.

28. Rickards CA, Ryan KL, Convertino VA. Tolerance to central hypovo-
lemia: the influence of cerebral blood flow velocity oscillations (Abstract).
FASEB J 23: 613.7. 2009.

29. Rickards CA, Ryan KL, Cooke WH, Lurie KG, Convertino VA.
Inspiratory resistance delays the reporting of symptoms with central
hypovolemia: association with cerebral blood flow. Am J Physiol Regul
Integr Comp Physiol 293: R243–R250, 2007.

30. Rovere AA, Scremin OU. Cerebral cortical blood flow in the rat: effect
of furosemide. Experientia 30: 919–920, 1974.

31. Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ,
Stachenfeld NS. American College of Sports Medicine position stand.
Exercise and fluid replacement. Med Sci Sports Exerc 39: 377–390,
2007.

32. Schroeder C, Bush VE, Norcliffe LJ, Luft FC, Tank J, Jordan J,
Hainsworth R. Water drinking acutely improves orthostatic tolerance in
healthy subjects. Circulation 106: 2806–2811, 2002.

33. Serrador JM, Picot PA, Rutt BK, Shoemaker JK, Bondar RL. MRI
measures of middle cerebral artery diameter in conscious humans during
simulated orthostasis. Stroke 31: 1672–1678, 2000.

34. Steptoe A, Vogele C. Cardiac baroreflex function during postural change
assessed using non-invasive spontaneous sequence analysis in young men.
Cardiovasc Res 24: 627–632, 1990.

35. Tzeng YC, Lucas SJ, Atkinson G, Willie CK, Ainslie PN. Fundamental
relationships between arterial baroreflex sensitivity and dynamic cerebral
autoregulation in humans. J Appl Physiol 108: 1162–1168, 2010.

36. Zhang R, Zuckerman JH, Giller CA, Levine BD. Transfer function
analysis of dynamic cerebral autoregulation in humans. Am J Physiol
Heart Circ Physiol 274: H233–H241, 1998.

37. Zhang R, Zuckerman JH, Iwasaki K, Wilson TE, Crandall CG,
Levine BD. Autonomic neural control of dynamic cerebral autoregulation
in humans. Circulation 106: 1814–1820, 2002.

38. Zhang R, Zuckerman JH, Pawelczyk JA, Levine BD. Effects of
head-down-tilt bedrest on cerebral hemodynamics during orthostatic
stress. J Appl Physiol 83: 2139–2145, 1997.

498 DEHYDRATION AND CEREBROVASCULAR CONTROL

J Appl Physiol • VOL 110 • FEBRUARY 2011 • www.jap.org


